WHAT IS SOIL MICROBIAL FORENSICS?
The term "soil forensics" was first coined about 40 years ago, and it may be defined as the in situ study of soil as part of criminal investigations. It includes the study of soil as a material transferred on suspects, victims or objects associated with a crime, with the objective of finding suspects and resolve the crime (1) . Although the term was introduced relatively recently, the examination of sediment for forensic investigations can be traced to the middle 1800s, with Christian Ehrenberg. Ehrenberg analyzed sand to solve the disappearance of coins, ultimately resulting in the resolution of the mystery. An increased interest towards soil forensics was noted with the release of Arthur Conan Doyle stories, but it was Oscar Heinrich and Edmond Locard who proposed the use of soil and sediment in the field of forensic science (2) .
Soil forensics goes beyond the methods applied by Ehrenberg, as it applies techniques used in diverse disciplines, including geophysics, geochemistry, micropaleontology, statistics and geostatistics, chemistry, biology, and physics, to mention a few. The field of soil forensics is developing due to the standardization of emerging techniques and the creation of databases, making soil forensics an important means in criminal investigations. While promising, soil forensics possesses drawbacks, not based on the methods employed but rather based on the physical, chemical, and biological composition of soil, which is discussed in more detail in this review. Importantly, the (micro)biological composition of soil has contributed to the emergence of a new field in soil forensics: soil microbial forensics (2) .
Soil microbial forensics can be defined as the study of how microorganisms can be applied to forensic investigations (3) . Microbes are an unquestionably important component of soil, as it is estimated that one tablespoon of soil contains 10 9 microbes, of which approximately 90% are noncultivable (4) . This high percentage of noncultivable microbes makes soil one of the most complex ecosystems on Earth, but this is also an important characteristic in the developing field of soil microbial forensics.
The emergence of soil microbial forensics as a field was challenging in the past due to the lack of tools for the study and characterization of soil microbial communities. This, in turn, may have influenced the underestimation of microbes in the field of soil forensics. This has been circumvented by the standardization of techniques such as the amplification of the 16S rRNA gene by PCR, terminal restriction fragment length polymorphism (T-RFLP), and metagenomics (5) . How these techniques are being applied in the field of soil microbial forensics is discussed in further detail in this review.
WHAT IS SOIL?
Soil can be defined as a natural body comprised of solids (minerals and organic matter), liquid, gases, and microbes that occurs on the land surface and occupies a certain area or space. It is characterized by layers that have undergone changes over time. Soil is constantly being altered and influenced by factors such as temperature, rainfall, pH, and macro-and microorganisms, which may even be site specific (6) . These physical, chemical, and biological properties of soil are essential for characterizing and distinguishing soil, and they are important in forensic investigations and to the field of soil microbial forensics.
Physical Composition of Soil
The physical composition of soil has been used as an important characteristic in forensic investigations. For instance, soil particle color and size and mineralogy are among the distinctive characteristics considered when analyzing soil samples. Soils are composed of minerals, organic particles, water, and air, which influence some other soil traits, including soil density. The percentages of each of these components will depend on the type of soil. For instance, "good-quality" soil possesses minerals (45%), water (25%), air (25%), and organic materials (5%) in specific percentages. Soil porosity is another important physical characteristic which may affect oxygen supply, and this, in turn, may affect the abundance and diversity of microorganisms in soils (7) .
Chemical Composition of Soil
The physical properties of soil may be influenced by its chemical composition. One of the most important chemical properties of soil is the ability to hold and release cations, also known as the cation-exchange capacity (CEC) (8) . For instance, when cations are held to negatively charged colloids, their ability to be washed out decreases. There is a hierarchy in the process of cation exchange on colloids, as they differ in the strength of adsorption and the ability to replace one another. When present in equal amounts, Al 3+ replaces H + replaces Ca 2+ replaces Mg 2+ replaces K + same as NH 4 + replaces Na + . Specific abundances of cations in soil may also have an impact on soil pH. Resistance of soil to changes in pH is a measure of the buffering capacity, which increases as CEC increases. CEC also influences the buffering capacity of soil: the greater the CEC, the greater the buffering capacity of the soil (9) .
Similarly, anion-exchange capacity is the ability of soil to remove anions from the soil water solution and sequester those for later exchange (10) . Colloids, which have low CEC, tend to exhibit certain anion-exchange capacities. The order reflecting the strength of anion adhesion is as follows: H 2 PO 4− replaces SO 4 2− replaces NO 3− replaces Cl − .
Notably, soil physical and chemical parameters are highly associated with each other. Usually, one of the two parameters may not be sufficient to characterize soil; thus, it is important to consider a battery of physical and chemical parameters in order to have a more robust characterization of soil.
Microbiological Composition of Soil
Soils possess among the highest abundances and diversities of microorganisms of all ecosystems. There is a wide repertoire of bacterial, archaeal, and fungal species in soil that still remain to be characterized, and information would be essential in the routine implementation of microbe characterization in forensic investigations (11) . One gram of soil may contain up to 10 billion microorganisms, with thousands of different species (12) . Although it is possible that bacteria may account for most of these numbers, archaea, fungi, and viruses are still part of a vast and unexplored universe of microbes that could have a tremendous and unexploited potential in soil microbial forensic studies. The microbiological composition of soil is discussed below.
Bacteria
Bacteria are among the best-characterized microorganisms in soil. Among the major bacterial groups present in soil are the Alpha-, Beta-, Gamma-, and Deltaproteobacteria, Acidobacteria, Actinobacteria, and Bacteroidetes. Each bacterial group may be present in specific abundances, depending on the type of soil. Importantly, the abundance and complexity of bacteria in soil may depend on the physicochemical parameters, which are specific for the particular type of soil being sampled (13, 14) .
Soil bacteria play essential roles in biogeochemical and decomposition processes, possibly in coordination with other microbes (e.g., fungi) (15) . Bacteria in soil can colonize a decaying body and promote its decomposition once the skin barrier has been breached. For instance, Clostridium perfringens, ubiquitous in soil and aquatic environments as well as the intestinal tracts of different animals, is involved in the decomposition processes. It may be one of the dominant bacteria in decomposition, a characteristic attributable to its replication time, which can be significantly faster than for other bacteria involved in decomposition (16) .
Bacterial processes occurring in soil and in association with the decomposition of a cadaver result in the production of metabolic products, or metabolites. Metabolites may, in fact, be used as an indicator of the cause of death. For example, short-chain alcohols are produced by bacterial fermentation and can be considered in criminal cases where alcohol is associated with the cause of death, but the amount and rate of ethanol production vary according to the bacterial species (3) .
The main importance of understanding the composition of soil bacteria and processes related to their interactions in soil relies on using this information to trace these microorganisms on objects related to a crime (e.g., clothing and shoes) (17) . However, the use of soil bacteria as a tool in forensic science would need to consider not only the relative abundance and complexity of certain species but also their ecology both in soil and in other environments. Microbes may exhibit different phenotypic and functional profiles that may depend on environmental factors (e.g., temperature and pH), the presence or absence of other microorganisms, and availability of nutrients and space. Essential questions in the field of microbial ecology, such as the survival times and inactivation rates and the type of interaction with other microbes (e.g., commensalism, parasitism, mutualism, and symbiosis), should also be considered in the field of soil microbial forensics. Thus, it would be important to identify and consider those bacterial species that could be more persistent, even in the presence of conditions different from their original environment. Among the proposed bacteria to be used in forensics are Rhizobium spp., but further characterization as a marker in forensic investigations is still needed (3).
Fungi
Like bacteria, fungi are widely distributed in soils, and they are dispersed by spores that can be produced sexually, asexually, or both. Fungal spores have been used to solve crimes, as these have been considered in palynological studies. The fungal genera and species important in criminal investigations include Claterosporium flexum, Pseudovalsella spp., Pestalotiopsis funereal, Camposporium cambrense, Periconia byssoides, Melanospora spp., and Niesslia exosporioides, among others. Several cases have been solved due to the profiles of fungal spores present at the crime scene and on the suspect (18) . Fungal spores may be used to identify fungi at the genus and even species level. Fungi may differ according to the environment, as they possess diverse nutritional needs; this information could potentially be used to identify suspects and, consequently, solve a crime. Even when two locations are not significantly apart, fungal spores could be used to discriminate the source. One drawback of using fungal spores in microbial forensics is that these are usually present in low concentrations and require examination by an expert's eyesight (18) . Additionally, although advances have been made in the molecular taxonomy, huge gaps still exist.
Fungi are among the major decomposers in nature, yet very little is known about their role in the decomposition of corpses. Although certain fungi are associated with dermal infections, these have not been associated with corpse decomposition; fungi present in soil seem to be the most important in the degradation of the corpse. Candida and Penicillium spp. have been associated with early stages of decomposition, but there is still no description of the possible succession of fungi in human corpse decomposition. Fungi succession may depend on several factors, including growth rate. Interestingly, fungal growth rate has been proposed as an indicator of the time postmortem and time of deposition (18) .
An interesting case of a man stabbed to death on a carpet revealed the presence of a mold that requires high humidity for growth. After the body was removed, no growth was noted. Isolation of the fungi and further cultivation clearly showed that it took 5 days for it to acquire the colony size found at the crime scene. Similarly, sporing cycles may help elucidate the time of deposition. Another case of a body found in shooting bramble stems suggested that the body possibly had been there for less than a year. Bramble leaves were covered with the rust fungus Phragmidium violaceum, which produces orange spores in the spring and early summer and dark spores during late summer and autumn. The color of the spores helped to elucidate the time at which the victim's body was deposited. While fungi possess the potential to be applied in microbial forensics, they are still mostly ignored, possibly because of a lack of trained mycologists (18).
Archaea
While more information is available about the composition of bacteria and fungi, less is known about archaea in soil. Archaea are similar to bacteria in morphology and size, but their genes are more related to those of eukaryotes. Archaea are usually associated with extreme environments, but more evidence is suggesting that archaea may be more ubiquitous than previously thought. Soil archaea have exhibited a richness in operational taxonomic units similar to that of bacteria in soil (19) .
Identification and characterization of archaea have moved forward in the last 5 years, mainly because of the increasing specificity and sensitivity of PCR-based methods. The two predominant groups of archaea in soils thus far are the Crenarchaeota and the Euryarchaeota. Within these two main groups, there is a high variability in terms of abundance and complexity. While bacteria seem to be more cosmopolitan, archaea exhibit a more restricted niche in soil (20) . Interestingly, archaea exhibit a high metabolic capability to change and respond to changes in soil associated with climate and seasonality (21) . As with bacteria, archaea have a tremendous impact on biogeochemical processes occurring in soils. For instance, they have a major role in the nitrogen cycle, specifically in the step of oxidizing ammonia to nitrate. Quantification by quantitative PCR (qPCR) of ammonia monooxygenase subunit A (AmoA) indicates that ammonia-oxidizing archaea (AOA) are generally more abundant than ammonia-oxidizing bacteria (AOB) in soil (22) , but AOB and AOA prefer different soil nitrogen conditions to grow. While AOB exhibit a higher preference to grow in high-ammonia (NH 3 ) substrates, AOA grow preferentially under low-NH 3 substrate conditions (23) .
Viruses
Viruses are among the most ubiquitous and abundant entities on Earth. They infect eukaryotic and prokaryotic cells and perhaps even other viruses; thus, the question of these entities as microorganisms comes into play (24) (25) (26) (27) . Viruses are found in diverse ecosystems, including water, guts, and soils, and their ecology is increasingly being elucidated (28) . Viruses are usually classified according to the type of genetic material (e.g., singlestranded RNA [ssRNA], double-stranded RNA [dsRNA], ssDNA, and dsDNA), morphology, host range, and, more recently, sequence homology to known viruses (29) .
Viruses that infect eukaryotic cells are important components of the viral fraction of soils and usually exhibit a high host specificity. Some of these viruses may be transmitted from one host to another by diverse vectors. Eukaryotic viruses are responsible, in some cases, for soilborne diseases (30) .
Prokaryotic viruses, or bacteriophages, are highly abundant and morphologically and genetically diverse in soils. While it has been suggested that phages are highly specific in terms of the bacterial host they infect, recent evidence shows that some may have a wider bacterial host range (19) . Phages have long been recognized as bacterium-destructive forms. Lytic phages have been studied, and such studies reveal that they are involved in other complex processes (31) . In fact, lysis of specific bacterial populations may have advantages and disadvantages, depending on the conditions. For instance, while certain phages are strictly virulent, others may be lytic to certain bacterial species (and even strains) and lysogenic to others (32) . The preference for the lytic or a lysogenic state could depend on the expression of specific genes, as in the case of toxin-antitoxin genes, and environmental factors that promote the bacterial host SOS response (33) . This scenario reflects the underlying importance of bacteriophages to modify the abundance and complexity of bacterial communities and, potentially, biogeochemical processes occurring in soils. There is also an increasing interest in lysogenic bacteriophages, as these are responsible for the transmission of specific genes to the bacterial recipient. These genes may confer on the bacterial host the advantage to adapt to changing conditions, possibly representing a benefit to the phage as well. Genes that are transferred by phages include those that could enhance antibiotic resistance or virulence in the recipient bacteria. The abundance and complexity of phages in soil may also depend on environmental factors, such as temperature, moisture, organic matter, and a suitable bacterial host (34) . While bacteriophages are not currently used in forensic investigations, they exhibit a tremendous source specificity in diverse environments (28, 35) , are transmitted through contact with close individuals (36) , and are even gender and disease specific (37, 38) .
FACTORS THAT AFFECT SOIL MICROBIAL COMPOSITION
In the previous section we discussed the physical, chemical, and biological composition of soil. In the following section we discuss how these parameters affect directly and/or indirectly the abundance and complexity of microorganisms in this environment.
Physical and Chemical
Among the physical and chemical parameters that can influence microbes in soil is pH, which, in turn, can be influenced by environmental factors. Soil microbes are adapted to specific pH, and fluctuations can result in the elimination of the population. Overall, microbial biomass in soil decreases as pH increases. Changes in pH can result in alterations of vital cellular processes such as DNA replication and translation. In order to adapt, changes in the microbes' DNA and gene expression are necessary, and these could result in specific changes that allow the survival of the population in soil with various pHs (13, 39) .
The ratios of essential elements, including carbon, nitrogen, phosphorus, and oxygen, may also exert an effect on soil microbial communities (40) . Nonessential elements, such as heavy metals, can affect soil microbial composition, as in the case of arsenic, cadmium, and lead. Depending on the depth of the soil, microbial diversity can be reduced, depending on the concentration and time the heavy metal was introduced (41, 42) .
Ignitable liquids introduced into soils are chemicals that can cause fires and can result in great devastation. Ignitable liquids are compounds that may possess long hydrocarbon chains that may be metabolized by bacteria in soil. The breakdown of long hydrocarbon chains in soil is governed by a small number of microbial species (43) . Although these microorganisms may be of great value for bioremediation processes, they may delay forensic investigations as compounds comprised of long hydrocarbons are degraded. This could, in turn, be influenced by seasonal changes, during which microbes can exhibit diverse metabolic needs. For instance, it has been shown that bacteria can more efficiently metabolize hydrocarbons from gasoline in winter than in summer. The reason relies on the ability of soil to harbor more nutrients during summer than in winter.
While heavy metals and ignitable liquids may be introduced into soil deliberately or by accident, other compounds, such as nitrogen-related compounds and ammonia, are released from a decomposing body (44) . Nitrogen and nitrogenous compounds are present in the body in discrete quantities and are by-products of the breakdown of proteins and nucleic acids. Ammonia is produced by the breakdown of proteins and is then converted to urea and excreted by the kidneys. The production of these compounds diminishes after microorganisms present in the body have depleted the proteins available. During decomposition, it is expected that a corpse will excrete ammonia and nitrogenous components into the environment, including the underlying soil. This characteristic has been used to detect clandestine grave sites using ninhydrin. This compound binds to nitrogenous compounds and results in a color change (45, 46) . While the concentration of ammonia and other nitrogenous products present in grave soil increases, it is feasible to expect a decrease in nitrogenfixing bacteria in sites below the decomposing body. As decomposition takes place, elimination of nitrogen precursors from the body occurs. This, in turn, decreases the de novo synthesis of ammonia precursors by nitrogen-fixing bacterial populations (47) .
Biological
The introduction, elimination, and various ratios of specific microbial populations by biological factors may have an impact on soil composition. For instance, humans and other animals often exhibit a great influence over the abundance and complexity of microorganisms in soils. For example, anthropogenic activities, such as agriculture, may be among the most influential in soil microbial composition. Soil cultivation has a major impact on soil's physical, chemical, and biological properties, the last mainly due to the reduction of macroaggregates, essential for microbes in soils (48) . Moreover, utilization of inorganic fertilizers can increase soil microbiological activity, as there is an increased production of plant biomass. Other studies have suggested that the frequent use of inorganic fertilizers may inhibit the production of specific enzymes involved in nutrient cycling in soil (49, 50) .
Other anthropogenic activities, such as the discharge of feces and sewage, could potentially represent a factor influencing soil microbial communities, although this remains largely unknown. It is feasible that the introduction of fecal microbes to soil could influence the composition and ecology of indigenous soil microbes. Yet once fecal microbes have reached soils, this could represent a threat to public health if pathogens are present. Fecal microbes, specifically those that could potentially be pathogenic, can be transmitted through vectors (e.g., nematodes present in soil) and contaminated crop and contaminated underground water sources (51). Some of these microbes include Salmonella spp., Escherichia coli O157:H7, Shigella spp., and Staphylococcus aureus (52) .
External sources of contamination, such as cadaver deposition, can also influence the microbial composition of soil. When a cadaver is placed on soil, the products resulting from the decomposition of the body can leak into the soil and can temporarily change the chemistry and microbiological composition of the surrounding soil. If changes in the microbial community composition and functions can be associated with cadaveric decomposition, profiles obtained from suspected clandestine graves can support or exclude the possibility of cadaveric contact, burial, or removal at a specific location, providing potential leads to investigators. It has been established that during the first stage of decomposition (autolysis), aerobic organisms predominate and deplete the body of oxygen, setting up the conditions for anaerobic organisms to prevail during the second stage (putrefaction). It is during this stage that the majority of the body's microbes are expected to become part of the soil as the tissues of the body break open and the fatty acids and protein by-products are transferred to the earth. During the last stage of decomposition (decay), there is little or no transfer of microbes to the underlying soil, as the cadaver has been skeletonized or mummified. However, the microbial activity has been known to remain for months after the end of the putrefaction stage due to the increased amount of carbon in the soil. An increase in pH and nutrient concentration has also been observed during this period (47) .
IMPACT OF ENVIRONMENTAL OR EXTERNAL CONTAMINATION
One of the purposes of soil microbial forensics is to apply current knowledge about the ecology, biology, and metabolism of microbes to forensic investigations. For instance, in order to solve a murder, the action of microbes, as well as physicochemical parameters influencing their role in decomposition, should be considered. As decomposition takes place, carbon dioxide, methane, and hydrogen sulfide are produced, and secondary metabolites, including phenetylamine and tryptamine, are also synthesized. These compounds promote skin rupture, the introduction of oxygen, and, thus, the proliferation of aerobic and/or facultative anaerobic microorganisms (53) . Notably, it is possible that a decomposing body will be influenced by the microbial diversity and abundance present in the adjacent soil and vice versa. The reliability of the approach(es) to study the succession of microbes in decomposition could be affected if soil exhibits changes in the composition of microbial community as a result of changes and fluctuations in physicochemical parameters (54) . This is also the case when suspected bioterrorism has occurred that could have an impact on soils used for crop production or those in contact with water bodies. The geographical location is also very important, since humid areas will most likely accelerate the degradation processes.
Long-Term Effects of Environmental or External Contamination
If not properly handled, environmental or external contamination may lead to long-term effects in the physical and chemical characteristics of soil, as well as the microbiological aspect. Once altered, it would be difficult to reestablish the original physical, chemical, and microbial properties of soil. External sources of organic compounds may exhibit negative effects that may take a long time to remediate. For example, studies have been performed in order to understand the impact of total petroleum hydrocarbons on microbial community composition and succession. Contaminated and noncontaminated samples exhibit high abundances of Proteobacteria, Firmicutes, Actinobacteria, Acidobacteria, and Chloroflexi, while Archaea, belonging to the Euryarchaeota, have been detected in soils contaminated with total petroleum hydrocarbons. An increase in Chloroflexi, Firmicutes, and Euryarchaeota correlates with this type of contamination (40) .
The introduction of chemicals has a negative impact on the composition and abundance of microbes in soils which may also have long-term effects. Soils contaminated with explosive compounds, such as 2,4,6trinitrotoluene (TNT), hexahydro-1,3,5-trinitro-1,3,5triazine (RDX), and 2,135 mg of octahydrol-1,3,5,7tetranitro-1,3,5,7-tetrazocine (HMX), often exhibit a significant reduction in microbial numbers (55) . Similarly, petroleum also has a long-term effect on the composition of microbes in soil by modulating the numbers and overall complexities. Notably, some of these chemicals, including pnehyl-2-propanone, are in fact degraded by soil microbes. There are indications that the metabolites arising from the breakdown of a compound might vary according to the type of soil, and most likely, these differences may be due to the distribution and diversity of microorganisms present in soils (56) .
Although the list of compounds that may exhibit a longterm effect in soil is more extensive (e.g., chlorophenols, chlorinated pesticides, and arsenic), the assessment of the long-term effect of environmental contamination requires more than a screening of specific metabolites or specific physicochemical characteristics (57) (58) (59) . Some of these compounds might not persist for extensive periods, but their effects could be highly persistent in the microbial communities (56) . There is also an increasing interest in specific ways to bioremediate contaminated soils. Microorganisms that utilize hydrocarbon as a source of energy are considered ubiquitous and have been recognized as potential bioremediators of anthropogenic contamination (60) .
Methods for Assessing Impact of Environmental or External Contamination
Several properties of soil are considered when performing specific analyses. For example, soil color has long been used as a preliminary screening of a soil's physical properties but cannot be considered a robust analysis.
Soil color can be determined using a spectrophotometer at a 360-to 740-nm wavelength. Software (e.g., SpectraMagic) is then used to convert measurements in the red-green and blue-yellow spectra into matrices that can be later used for specific statistical tests. Statistical analyses employed in soil forensics are described in more detail later in this review (61) . Other analyses include mineralogically and palynologically based techniques and have proven to be more precise when determining a soil's mineral and vegetative composition, respectively. In the case of mineralogical tests, a pretreatment of the sample may disrupt it and consequently have an impact on the results. Other drawbacks for mineralogical and palynological methods include the high costs of the techniques and the specialized equipment and personnel necessary to obtain reliable results (62-64).
Soil Sample Storage and Preparation
Soils are highly dynamic, and external disruption and contamination can lead to an altered physicochemical and microbial composition; thus, it is important to handle, store, and transport soil adequately (1) . For instance, analyzing soil for its microbial composition by using culture methods (further described below) may require basic knowledge of the metabolic capacity of the microbes of interest. For example, the presence of oxygen will limit the abundance and diversity of strict anaerobes. If bioterrorism is suspected, samples are usually stored under appropriate conditions for microorganism preservation. Soil samples can be frozen in blocks using liquid N 2 , as in the case of organic soils. For soils influenced by salt, high water content, or a reducing environment, the ideal manner of handling and transporting the samples is by preserving the conditions of the sampled site. However, given that soil trace evidence may be exposed to factors such as desiccation, chemical contamination, or cleaning reagents during transport, microbial profiling in soil is often carried out on fresh or frozen soil in order to maintain the original community structure (65) .
Another technique used to preserve and handle soil for subsequent physicochemical and microbial profiling is air drying (61) . However, the technique has been shown to influence bacterial profiles by reducing the quality and quantity of DNA. It has been shown, interestingly, that fungi can tolerate air drying conditions, and thus, they have been proposed as an important target in forensic investigations (61) . Air drying can also affect the enzymatic activities of diverse soil and compost samples; thus, in some cases, freezing of the sample may be more adequate (66) . Importantly, soil samples should be processed immediately after collection to minimize the effect that time may exert (61).
Chain of Custody
All physical evidence in forensic investigations needs to be handled in a manner that could allow the further verification of all transfers and accounts for the possession of the evidence. This is mainly accomplished by an extensive documentation of the chain of custody. Establishing an unbroken chain of evidence is essential and requires that the experts presenting the evidence can successfully withstand the scrutiny of both the criminal investigation and the defense during a trial (67) .
METHODS IN SOIL MICROBIAL FORENSICS
Although soils possess a complex microbiota composed of bacteria, archaea, viruses, and fungi, methods for the identification of bacteria and, to a lesser extent, fungi in forensic studies are more developed than those for archaea and viruses, with the exception of certain pathogenic eukaryotic viruses. Although the methods could also be applied for the detection of archaea and viruses, their detailed characterization may be limited by current methods.
Physicochemical Methods
Carbon/nitrogen (C/N) ratios can be used to trace the origin of a soil sample. For instance, land and aquatic sediments may possess differing C/N ratios. Similarly, total nitrogen, soil-extractable phosphorus, and lipidphosphorus have been recognized as possible markers of the time postmortem, as these components tend to increase with time. The same study demonstrated that a pig carcass can release a significant amount of nutrients into the soil and that some of these nutrients are significantly elevated above background levels after 100 days. Among the measured nutrients, total nitrogen, soilextractable phosphorus and lipid-phosphorus appear to provide the most useful information. Since the most significant increase in these nutrients was observed early in the decomposition trial, it is recommended that daily sampling occur in the early stages of decomposition in order to have a better representation of the nutrientcycling information. This may be used to estimate the time since cadaver deposition (68) .
Grave soils contain more total C, microbial biomass C, and total N and have been shown to have increased rates of respiration and N mineralization compared to those of control soils (14) . Other production, microbial biomass carbon, enzymatic activities, and ninhydrin-reactive nitrogen (NRN). Cadaver burial results in a significant increase in CO 2 -C evolution, microbial biomass carbon, enzyme activities, and NRN. The last has been proposed as a better indicator of grave soil, as its levels increase in all grave soils. NRN is apparently more reliable if tested within the initial 28 days of burial (44, 69) .
Although not directly used to detect microbes, chemical techniques are used for the identification and characterization of soil samples and have proven to be effective. The most common techniques include gas chromatography (GC) and several variants of the technique, including GC with a flame ionization detector, GC with a photoionization detector, and thin-layer chromatography, to mention a few (70, 71) . Other techniques include atomic absorption spectroscopy, inductively coupled plasma mass spectrometry, and inductively coupled plasma optical emission spectrometry (72, 73) . While these techniques have been useful in the detection of heavy metals, for example, they require highly trained personnel.
Immunological Methods
Immunological methods are generally used for the detection and characterization of epitopes and proteins. In soil forensics, immunological methods are important when identifying proteins bound to soil particles. Proteins can be found very tightly attached to the surface of such particles, making them very resistant to degradation by external factors such as microbial degradation. The advantage of immunological methods relies on the capability of not destroying the sample for further investigation. Limitations of these immunological assays are that they are frequently not available commercially, are not specific enough, or have not been validated. Furthermore, cross-reactions may cause false positives, and modified or missing antigenic structures can cause false negatives (74) .
Microbial Methods
While physicochemical parameters and immunological methods have been shown to be relatively effective when identifying and characterizing soil samples, microbial methods are of increasing interest in forensic investigations. Microbial methods are specific, sensitive, and cost-effective, and results can be obtained from within a couple of hours to a couple of days, depending on the method employed (75) . In the following section, we discuss the potential of microbes and the methods utilized for their detection in forensic investigations.
Culture-based methods
Although it is estimated that more than 99% of soil microbes are nonculturable, culture-based methods have been the main methods for the identification of microbes in soil. They provide the advantage over certain molecular methods that the nutritional needs of soil bacteria can be determined, although not extensively. The culturable fraction of soil bacteria often represents specific groups. For instance, the use of serial dilutions using liquid media has proven to be effective for isolating significant members of soil bacterial communities belonging to the Acidobacteria, Actinobacteria, Proteobacteria, and Verrucomicrobia groups (76) . Culture methods are still used but usually as part of a battery of other methods.
Molecular methods
All molecular methods (as with the other techniques described) require proper sample handling in order to minimize contamination and sample modification that could alter results. The identification of microbes in small soil samples is now proven to be more powerful due to new advances in molecular methods. Molecular methods tend to be powerful and capable of discriminating the microbial profiles of distinct soil samples with similar geological characteristics (77) . The advantage of molecular methods is that these are sensitive and specific enough even when handling small quantities of soil. Moreover, the possibility that inhibitors (e.g., humic acids) of diverse molecular methods may be present in a soil sample, and consequently influence results, is now minimal with the availability of soil extraction kits. Thus, the DNA quality and quantity are among the first steps taken to ensure reliable results when applying molecular methods to soil microbial forensics.
Results may vary according to the DNA extraction method utilized. It has been shown that the application of several methods may be more appropriate than using a single method. For instance, the bead-beating method followed by a given DNA extraction technique may result in a higher DNA yield. A standardized soil DNA extraction method was proposed in 2006 by AFNOR (Agence Française pour la Normalisation) to the International Organization for Standardization (ISO). The ISO members rapidly recognized the need for an international standard for soil DNA extraction, and action was formally agreed upon. The major advantage of the ISO standard over commercial kits is that the identity and quantity of each compound used in the protocol are known, providing complete quality control for users. This also avoids the risk of subsequent modifications of the kit reagents by companies or risks associated with the versatility of their business strategy. The procedure involves three main steps: (i) microbial cell lysis by chemical and physical (bead beating) action, (ii) deproteination, and (iii) alcohol precipitation and washing of the nucleic acids extracted (78) . Yet commercially available kits still represent the quickest and probably one of the most effective ways to acquire sufficient DNA for further analyses.
PCR and PCR-based methods
Among the molecular methods, PCR is one of the most widely used and powerful techniques in molecular biology and related areas. Due to the sensitivity and specificity of PCR, PCR-based techniques are now widely used for the characterization of soil microbial communities. Soil microbes are highly difficult to cultivate, and thus, PCR provides an increased advantage over culture methods. The technique is based on the amplification of a region of a gene by using complementary sequences known as primers, which attach to the target DNA sequence. Many copies of the gene are obtained as a result of consecutive and repetitive steps of denaturation, annealing, and extension. The amplified gene(s) is usually visualized on agarose gels. One of the drawbacks with PCR and PCR-based methods is a possible biased representation of the true numbers of the microbial communities; thus, it is important that the primers and PCR conditions are appropriate in order to minimize bias and take into account that microbes may harbor more than one copy of a specific gene.
A modification of the PCR method, known as qPCR, is now being routinely applied in diverse microbiology fields and is also of increasing interest in soil microbial forensics. The advantage of qPCR over PCR is that results are obtained in real time, as it does not require the visualization of PCR products in an agarose gel. In qPCR, the concentration of the target gene can be estimated by the threshold cycle values (C T ); the more target DNA is present, the lower the C T value, whereas the less target DNA, the higher the C T value. Special consideration must be taken when including a positive control in a qPCR, as its sensitivity may increase the probability of false positives if cross-contamination has occurred. Several methods have been employed to decrease this; these include dual-probe assays, amplicon sequencing, and melt curves. Other approaches have been tested, including qPCR coupled with electrospray ionization mass spectrometry (79) .
Another modification of the PCR method is the length heterogeneity PCR (LH PCR), which has been used in the characterization of soil microbial communities and has been shown to be highly appropriate for this type of analysis (66) . The method is very similar to terminal restriction fragment length polymorphism (T-RFLP) (discussed below), as it uses fluorescently labeled primers. LH PCR distinguishes different microbes based on natural variations in the length of the 16S ribosomal DNA gene sequences. While T-RFLP has been more widely applied, LH PCR possesses several characteristics that should be highlighted. For instance, it is relatively easy and quick, results are reproducible, it possesses enough discriminatory power to differentiate between microbial communities, and results can be correlated with those of other tests, such as fatty acid methyl ester analysis. Yet with LH PCR, further tests, such as additional cloning and sequencing, are often needed to determine which fragment length corresponds to which microbe (66, 80) .
T-RFLP
T-RFLP involves the digestion of PCR products using various restriction enzymes, followed by the characterization of each fragment using a DNA sequencer or similar equipment capable of detecting fluorescence. The high value of T-RFLP in diverse microbiology fields and soil forensics has been shown elsewhere (81) . The technique is used to obtain microbial profiles, including those of bacteria, fungi, and archaea, and has been applied to diverse settings, including aquatic (82) and terrestrial (83) ecosystems and even fossilized fecal material (84) . For T-RFLP profiles of the 16S ribosomal DNA gene of bacteria or archaea, and internal transcribed spacer of fungi, each visible band or fragment is shown as a peak after analysis with the appropriate software. Each peak represents a single ribotype which, in turn, could be unique to certain soils.
The technique has been compared to next-generation sequencing of similar sample types and has been shown to possess enough discriminatory power when identifying microbes present in soil samples. T-RFLP is still less expensive than next-generation sequencing, results are obtained within 3 to 4 days, and bacteria, archaea, and fungi can be characterized separately or together. Among the disadvantages is that the technique is library dependent, meaning that it needs the construction of a reference library for bacteria, archaea, and fungi. Although it is a promising technique, more studies are needed to truly consider data obtained from T-RFLP analyses as evidence in court trials (85) .
Denaturing gradient gel electrophoresis
Denaturing gradient gel electrophoresis (DGGE) is a gel-based technique that uses either a temperature or chemical gradient with the purpose of denaturing a sample. Samples move across an acrylamide gel usually used for DNA and RNA samples and, to a lesser extent, proteins. DGGE is able to differentiate between PCR products having similar sizes, and this is due to the melting properties of the DNA fragments and their mobility in the gel. The technique has been used in the characterization of the microbial communities of differing samples, as it has been shown to have high sensitivity. One disadvantage of this technique is that the gene targeted must possess enough sequence variability among the bacteria. Other disadvantages include the migration of some bands to the same position, the fact that dominant populations may influence results, and the fact that multiple copies of the gene of interest can yield different bands (86) .
DGGE has been used in criminal investigations. Results have shown that DGGE possesses sufficient discriminatory power to differentiate both temporal and spatial variation of microbes in soil. For instance, in a case where a young woman was found dead, the main suspect claimed to have been with the victim on a nonasphalted parking lot close by a couple of hours prior to her death. The suspect washed his clothes and shoes after the murder, and the only possible link to the crime scene was a small soil clot (0.2 g) found inside his shoe. Although the samples from the suspect's home and from the crime scene could not be separated based on cluster analysis, DGGE reflected a large bacterial diversity; in most cases, bacteria cluster according to soil type and location (87) .
DNA sequencing
DNA sequencing is probably one of the most important tools for microbial identification and characterization. Once the amplification of a gene of interest has been obtained, the product is sequenced in order to confirm results and obtain further information about the microbe. Among the most common genes that are amplified and sequenced in soil microbes are the 16S and 18S rRNA genes. The 16S and 18S rRNA genes encode RNAs destined for small subunits in ribosomes, essential sites within the cell where mRNAs are translated into proteins. These genes are highly conserved and reflect genetic variation among microbes. Sequence variations in these genes thus signify fundamental differences among phyla, genera, and even species. DNA sequences from the 16S and 18S rRNA genes can be compared to a searchable database such as the National Center for Biotechnology Information (NCBI) database (88) (89) (90) (91) (92) (93) .
16S and 18S rRNA gene sequencing from whole communities (high-throughput sequencing). Sequencing of the 16S and/or 18S rRNA gene of microbial communities in soil, instead of single isolates, provides valuable information regarding the abundance and diversity of bacteria and archaea (16S rRNA) and microscopic eukaryotes, as in the case of fungi (18S rRNA). This information provides wider insights into the microbial complexity of soils, which may be useful in the field of soil microbial forensics to trace evidence from a crime to a specific soil type (90) .
Metagenomics
Complete genome sequences of microbes are of increasing interest, as these provide taxonomic and functional profiles of microbes in soils. This relatively new area is known as metagenomics, and the number of studies applying this technique has increased significantly in recent years. As with other molecular techniques, the DNA quality and quantity are essential when determining the genome sequences of the microbial communities. It has been shown that multiple DNA extraction methods are useful for a higher yield of goodquality DNA (12, 94) .
There are several sequencing platforms used to obtain sequences originating from soil. For instance, the Roche 454 pyrosequencers can obtain approximately 400,000 reads. Illumina sequencing, on the other hand, can deliver 36 million reads. In the end, the levels of throughput are similar, but the pyrosequencing method yields longer reads. Longer reads are likelier to yield uniquely identifiable sequences that are easier to BLAST or to string match to a database. Because short reads miss some homologs found only in longer reads, doubt has been cast on the feasibility of short-read technologies. Once the sequences are obtained, these must be assembled and mapped. The quality of the assembled sequences is essential for the mapping process. High-throughput sequencing has been shown to be one of the most powerful tools in assessing microbe composition in diverse environments, including soil. Although the technique is not currently applied in forensic investigations, its potential has been assessed (95) .
Genomic data are increasing exponentially; thus, it is essential that the data be captured electronically in a comprehensive standard format. This led to the establishment of the Genomic Standards Consortium in 2005 (http://gensc.org/gc_wiki/index.php/GSC). The first step of this international community was to define the "minimum information about a genome sequence" and the "minimum information about metagenome sequence" specifications, with the intent of promoting and discussing the resources that will be required to develop improved mechanisms of metadata capture and exchange. Given that one of the limitations of metagenomics is the huge amount of sequence data, assembling of the numerous sequence reads, which may account for heterogeneities between genomes, introduces unique challenges for each study. To date, the major problem in annotating environmental samples is identifying the 99% of organisms that have never been cultured and sequenced previously. Another drawback of the metagenomic approach is that the true distribution of the microbial communities is not completely certain. Thus, while the metagenomic approach is promising, it may provide a limited view of the true soil biodiversity, and implementing a successful DNA extraction method could increase the number of species that are captured.
Statistical methods
While diverse methods have been developed and characterized for routine forensic investigations, results must be analyzed using appropriate and robust statistical methods. Techniques such as T-RFLP provide complex data, the interpretation of which depends on the application of specific statistical methods. For instance, Bray-Curtis (BC) dissimilarities are suitable to compare T-RFLP profiles. One reason is that peak absence in two profiles is not considered, as when using Euclidean distances (96) . BC distance is a statistical method that quantifies the dissimilarity between two different points. The BC dissimilarity is bound between 0 and 1, where 1 means that the two points have the same composition and 0 means that the two points do not have the same composition.
The similarity percentage (SIMPER) method breaks down the contribution of each species to the observed similarity (or dissimilarity) between samples. The method allows the identification of the species that are most relevant in terms of looking at patterns of similarity. The method uses the BC measure of similarity, comparing each sample in one group with each sample in a second group (97) .
The analysis of similarity (ANOSIM) method is also widely used to analyze data obtained from methods such as T-RFLP. ANOSIM is a test that measures the significance of the study groups that had already been defined. ANOSIM is a distribution-free method of multivariate data analysis widely used by community ecologists. If the assigned groups are significant, samples within groups should be more similar in composition than samples from different groups (98) .
Other statistical analyses employed to analyze data obtained from techniques like T-RFLP include multidimensional scaling (MDS). MDS is a means of visualizing the level of similarity of separate data points within a data set and displays the information contained in a distance matrix. MDS analyses are divided into various categories, including the classical MDS (also known as principal-coordinate analysis). This type of MDS considers an input matrix providing dissimilarities between pairs of items and outputs a coordinate matrix. The second type of MDS analysis is the metric MDS (MMS). MMS generalizes the optimization procedure to a variety of loss functions and input matrices of known distances with weights. Stress is considered a useful loss function, which can be minimized using a procedure known a stress majorization. The third type of MDS analysis is the nonmetric MDS, which finds both a nonparametric relationship between the dissimilarities in the matrix and the Euclidean distances between items and the location of each item in the low-dimensional space. The fourth type of MDS analysis is the generalized MDS. This is an extension of MMS in which the target space is an arbitrary non-Euclidean space (99) .
OTHER POTENTIAL APPLICATIONS OF MICROORGANISMS TO SOIL MICROBIAL FORENSICS
Microbiology is increasingly being recognized as a highly reliable tool for soil microbial forensics. For instance, explosive and chemical contamination of soils can result in environmental contamination that can result in risks to public health. When the explosive or chemical contaminants have been identified, it is essential to find the ways to remediate the contamination (55) . As described previously, this type of contamination may lead to shifts in soil microbial populations which may be difficult to restore (100) . Yet characterization of the dynamics of soil microbes prior to and after explosive contamination may provide insights of possible ways to restore the microbial communities in soil. How microbial populations fluctuate as a result of soil contamination provides a more thorough knowledge of the function of microbes in contaminated soils, which, in turn, may be useful in addressing the most appropriate bioremediation approach (101) (102) (103) (104) .
More recent advances in the human microbiome across diverse body sites may be useful in forensic investigations. It is known that specific microbes, including bacteria, fungi, and viruses, may be shared across the human body; however, other microbes exhibit a higher uniqueness according to the body site (105) . This uniqueness may be due to specific metabolic needs of the microbe that may be environment specific and dictated by health and disease status (106) . For instance, certain microbes are biogeographically specific to the gut, oral cavity, vagina, and skin (107) (108) (109) (110) . The metagenome and metabolic information contained therein may be useful when tracing a suspect of a crime, for example.
More interesting perhaps is that although humans share a core microbiome, other microbes are personalized and even gender specific (111, 112) . Studies focusing on the microbiome of human subjects are revealing that certain bacteria and bacteriophages are subject specific. The personalized bacteriome and virome could potentially be applied in forensic investigations, as results could be used to track specific subjects. Importantly, even across time, there is a persistence of certain microbes that could still be linked to specific human subjects (3) . Further studies would need to characterize the ecology and biology of microbes that are subject specific in other environments, such as soils.
Metabolic processes carried out by bacteria in soil could also influence forensic investigations (113, 114) . For instance, postmortem interactions of the soil microbiota with hair may alter results of hair analyses, as gold-precipitating bacteria can increase the deposition of gold on the hair. Such analyses have also been used in criminal cases, leading to convictions based on excessive levels of toxins (114) . Other metabolic by-products specific to certain microbes could also be potentially applied in forensic investigations.
FUTURE DIRECTIONS AND CONCLUDING REMARKS
Soil microbial forensics is an increasingly changing field in which information recovered may help elucidate criminal investigations or investigations of a legal nature. While many studies focusing on soil as part of forensic investigations have been conducted using physicochemical parameters such as pH, C/N ratios, and NRN levels, palynology, physical appearance of soil, and immunological methods, many more methods are being employed and characterized. This is the case for techniques commonly utilized in environmental microbiology and microbial ecology, including T-RFLP, DNA sequencing, and metagenomics. Information gathered from such techniques is providing wider insights into the soil microbiota and its role in soil physical and chemical composition, bioremediation, and cadaver decomposition. While application of these techniques and knowledge on soil microbial forensics is still in early stages, we are still gaining insights regarding how microbes may be more robustly used in forensic investigations.
